The mechanism of repression of the ␤-glucoside utilization (bgl) operon of Escherichia coli by a carboxyterminally truncated derivative of the nucleoid-associated protein H-NS which is defective in DNA binding was investigated. The DNA-binding function of the H-NS-like protein StpA was found to be necessary for repression, which is consistent with a role for StpA as a DNA-binding adapter for mutant derivatives of H-NS.
The H-NS protein of Escherichia coli is a major component of the bacterial nucleoid and has been identified as a pleiotropic regulator of gene expression, recombination, and genome stability (reviewed in reference 22). Among other functions, H-NS was identified as a negative regulator of expression of the cryptic bgl operon (bglY [1] ) and of the osmoregulated proU operon (osmZ [8] ). The bgl operon encodes the functions required by the cell for the uptake and utilization of ␤-glucoside sugars, such as salicin, and can be activated by insertion sequence element insertions upstream of its promoter, point mutations in its upstream cyclic AMP receptor protein binding site, or mutations in DNA gyrase as well as by H-NS inactivation (12, 15) . H-NS is necessary but not sufficient for in vitro repression of the bgl operon, which involves DNA elements located both upstream and downstream of the promoter (14, 15) . Heterologous promoters placed into the bgl context are also repressed (14) , and the repression of this operon is probably the eubacterial example closest to the classic eukaryotic process of gene silencing.
It was observed earlier that of hns alleles selected on the basis of proU derepression at low osmolarity, only a subset led to high-level expression of the bgl operon (2, 8) . More recently, the nature of this effect was clarified as part of a systematic structure-function analysis of the H-NS protein (21) . In that study it was found that while proU-derepressing point mutations near the N terminus of H-NS also caused bgl derepression, mutations near the C terminus of the protein, and also a C-terminal truncation of H-NS at amino acid 92, caused no bgl derepression despite derepressing proU significantly. Intriguingly, an in vitro analysis of the latter class of proteins showed that they appeared to have lost their ability to bind DNA, which is consistent with an earlier study suggesting that the DNA-binding function of H-NS may be localized in the C terminus (17) . In contrast, the N-terminal mutants which did derepress bgl retained the ability to bind DNA, implying that they were specifically impaired in repression function. These observations led Ueguchi et al. (21) to conclude that bgl silencing employed a (possibly unique) mechanism which merely required the targeting of an N-terminal repression domain of H-NS to the bgl promoter via an interaction with a heterologous DNA-binding protein.
The E. coli stpA gene encodes a 15.3-kDa protein which is 58% identical to H-NS at the amino acid level. StpA and H-NS have similar in vitro DNA-binding properties, including a preference for intrinsically curved DNA, and can repress similar spectra of genes in vivo (16, 24) . Although normally expressed at a low level in rich medium, stpA is strongly induced in hns mutants (5, 19, 24) and StpA may take over some of the functions of H-NS in these strains. Moreover, StpA has been shown both genetically in vivo and by protein-protein crosslinking in vitro to interact with H-NS, and these interactions seem to require the respective N termini of the proteins (23) . Thus, StpA is a likely candidate for a molecular adapter which could target the N-terminal repression domain of a mutant or truncated H-NS derivative to the bgl promoter region. We have investigated this possibility by studying the derepression of bgl in the presence of various combinations of hns and stpA mutations.
hns mutations with differing effects on bgl expression. In order to assess a possible adapter role for StpA in mediating bgl repression by truncated derivatives of H-NS, we used two different mutant alleles of hns. The first, hns-205::Tn10, is a well-characterized allele which harbors a Tn10 insertion in codon 93 of hns (9) and produces both a truncated hns mRNA species (6) and a truncated N-terminal protein fragment (2, 3) consistent with the termination of hns transcription and translation close to this insertion point. In contrast, the hns2 allele was isolated as a spontaneous proU-derepressing mutant in our laboratory and carries an Ϸ750-bp insertion (probably IS1) within the first 22 codons of the hns open reading frame. This allele produces no detectable RNA transcript or protein product (3, 6) . Duplicate cultures of the E. coli strain GM37 (8) and its hns-205::Tn10 and hns2 derivatives GM230 and CJD829 were grown overnight at 37°C in M9 minimal medium supplemented with 0.4% (wt/vol) succinate, 0.2% (wt/vol) Casamino Acids, and 5 mM ␤-methyl-D-glucoside, and phospho-␤-glucosidase activity was assayed in growing cells (13) . The results (Table 1) show that the hns-205::Tn10 allele causes no derepression of bgl expression, while the hns2 allele allows a sigificant level of bgl expression. This is consistent with the model proposed by Ueguchi et al. (21) in which N-terminal mutations in H-NS lead to bgl derepression whereas the H-NS C terminus is dispensable for its repression function at this promoter.
We also examined the effect of these two hns mutations on expression of the stpA gene. This was to rule out the possibility that the above-mentioned effects on bgl expression could be explained by a differential induction of StpA by the two alleles, which might substitute for H-NS in repression of bgl. Strains GM37, GM230, and CJD829 were grown in L broth at 37°C to an optical density at 600 nm of Ϸ0.6, and total cellular RNA was isolated as described previously (4) . Five-microgram aliquots of these RNA samples were electrophoresed on a 1.5% 3Ј-(N-morpholino)propanesulfonic acid (MOPS)-formaldehydeagarose gel, transferred to a Hybond-N membrane, and probed for the stpA transcript, using a specific RNA probe by previously published methods (4, 5) . The blot (Fig. 1) shows significant induction of the stpA transcript in both hns mutants; the level of induction is slightly higher in the hns2 mutant CJD829 than in the hns-205::Tn10 strain GM230. Western blotting with a polyclonal antiserum that recognizes both H-NS and StpA suggested that levels of StpA protein are also similar in the two hns mutant strains (data not shown). This is inconsistent with the continued repression of bgl in GM230 being due to an enhanced induction of StpA in this strain compared to that in CJD829.
StpA is necessary for repression of bgl by truncated H-NS. We then used P1cml transduction (18) to introduce the ⌬stpA:: Tc r allele (24) into GM37 and also into the hns mutant CJD829, creating strains CJD1124 and CJD1125. Because both the ⌬stpA::Tc r allele and the hns-205::Tn10 allele encode tetracycline resistance, we used a derivative of GM230 containing the linked hnrG::Ap r allele (CJD899 [3] ) as a P1cml donor to transfer the hns-205::Tn10 allele into the ⌬stpA::Tc r strain CJD1124, generating CJD1126. The hns-205::Tn10 and hnrG:: Ap r alleles are Ϸ95% linked, and cotransduction of hns-205:: Tn10 into CJD1126 was verified by Southern blotting (data not shown). Duplicate cultures of these strains were then grown overnight in M9 medium supplemented with 0.4% (wt/vol) succinate, 0.2% (wt/vol) Casamino Acids, and 5 mM ␤-methyl-D-glucoside, and phospho-␤-glucosidase was assayed as before (Table 1) . It can be seen that the stpA mutation on its own causes no derepression of bgl expression, which is consistent with the dominant effect of H-NS over StpA in many systems in wild-type strains (24) (see below). Likewise, the combination of the ⌬stpA::Tc r and hns2 mutations leads to little extra derepression of bgl over that seen in the hns2 single mutant strain despite the fact that stpA expression is strongly induced in this strain (Fig. 1) , suggesting that StpA by itself is a poor repressor of bgl. However, when the stpA mutation is combined with the hns-205::Tn10 allele, strong derepression of bgl expression to a level similar to that in the hns2 mutant is observed. Thus, the continued repression of bgl by the truncated H-NS protein produced by hns-205::Tn10 strains is absolutely dependent upon the presence of StpA. The most likely explanation for this observation is that StpA provides the DNA-binding function allowing this fragment of H-NS to be targeted to and repress the bgl promoter. However, it remains possible that StpA is merely required for the synthesis of a second protein which functions as a corepressor at the bgl promoter. As a control, we confirmed that the hnrG::Ap r allele used as a transductional marker has no effect on bgl expression (Table 1) .
To investigate further the role of StpA in the presence of the hns-205::Tn10 mutation, we transformed CJD1126 with plasmid pYCStpA, a pACYC184 derivative carrying the wild-type stpA gene (23) . pYCStpA was able to restore full repression of phospho-␤-glucosidase production, as predicted if the plasmidencoded StpA protein can act as a DNA-binding adapter for the truncated H-NS derivative produced in this strain. Moreover, when plasmid pYCStpA⌬65C, which encodes a truncated StpA derivative lacking the presumptive DNA-binding domain (23) , was transformed into CJD1126, repression was not restored ( Table 1 ), suggesting that DNA binding by StpA is essential for this repression mechanism to operate.
The combined effect of H-NS and StpA on bgl expression contrasts with that on proU expression. We sought to compare the effects of these combinations of hns and stpA alleles on bgl repression with their abilities to repress the proU operon at low osmolarity. The wild-type and mutant strains previously assayed for bgl expression were grown overnight in L broth; under these low-osmolarity conditions the proU-lacZ fusion in GM37 remains repressed (8) ( Table 2) . When ␤-galactosidase activity in the mutant strains was assayed (as described by Miller [11] ), both the hns-205::Tn10 and hns2 alleles were seen to allow significant derepression of proU, although this was VOL. 180, 1998 NOTESgreater in the latter case ( Table 2 ). The ⌬stpA::Tc r mutation had no effect on proU expression when H-NS was present but led to further enhanced transcription of the fusion when combined with either of the hns alleles. This demonstrates that H-NS is the dominant repressor of proU in a wild-type cell, as is the case for bgl, but that StpA exerts a measurable negative effect on proU expression when it is induced in an hns mutant strain. The significant derepression of proU in the hns-205:: Tn10 strain GM230, in contrast to the continued repression of bgl in this strain, implies that StpA cannot provide a DNAbinding function to allow the truncated H-NS molecule to function as a repressor at this promoter, presumably because the H-NSЈ-StpA-DNA complex thus formed is not conformationally suited to repression (see, however, the discussion below). Interestingly, it has recently been shown that merely targeting H-NS to the vicinity of the proU promoter is insufficient to repress transcription (10) , suggesting that the architecture of the repressive nucleoprotein complex formed by H-NS at this promoter is more subtle than that at bgl.
Conclusions. By combining two different hns mutations with a knockout allele of stpA, we have shown that the presence of the StpA protein is necessary for the ability of a truncated N-terminal fragment of H-NS to repress the bgl promoter. Derepression of bgl in this hns-205::Tn10 ⌬stpA::Tc r double mutant can be complemented by wild-type StpA but not truncated StpA lacking the presumptive DNA-binding domain, expressed from a multicopy plasmid. This suggests that StpA acts as an adapter molecule which provides a DNA-binding function to target this truncated H-NSЈ protein to the bgl regulatory region, although it remains possible that the effect of StpA is indirect. In contrast, in a strain containing a mutation in hns which leads to the production of no detectable H-NS protein fragment, the stpA mutation has only a limited derepressive effect on ␤-glucosidase production, suggesting that StpA by itself is a rather poor repressor of the bgl operon. This is despite the significant induction of the chromosomal stpA gene in this strain and implies that differences in the N-terminal regions of H-NS and StpA affect their respective repression abilities. These results contrast with those obtained when the same strains are assayed for derepression of the H-NS-regulated proU operon at low osmolarity. In this case the operon is derepressed no matter which hns mutation is present, although again StpA may partially substitute as a low-efficiency repressor in an H-NS-independent fashion at this promoter.
Although the situation in which StpA is coexpressed in the cell with a truncated derivative of H-NS is an artificial one, the implications of these results for wild-type cells are twofold. Firstly, they provide further evidence for the different mechanisms of H-NS-mediated repression in operation at the bgl and proU promoters. The conclusion of Ueguchi et al. (21) that an H-NS DNA-binding function is not necessary for repression of bgl is taken further by the demonstration that what is necessary is the DNA-binding function of a related protein (StpA) to substitute. Therefore, it seems that the bgl promoter is quite tolerant of substantial changes in the nature of the repressor-DNA complex in its regulatory region in a way that the proU promoter is not. In this context, it is interesting that a heterologous DNA curve-binding protein, Btcd from mouse cells, is able to substitute for H-NS in bgl regulation but not in proU regulation (20) , confirming that the bgl regulatory system is much more amenable to manipulation. This may in itself aid mechanistic studies on the role of H-NS in repressing this promoter. Intriguingly, Btcd can also restore flagellar expression to an hns mutant strain (20) , as can an H-NS-related protein from Bordetella pertussis (7) , suggesting that the bgl system is not unique in possessing this flexibility.
The second implication of these results may be for that class of H-NS-regulated promoters which, like proU, are stringent in their requirements for H-NS-mediated repression. In these systems, any subtle changes in the nature of the H-NS-DNA complex could be sufficient to affect the regulation of the promoter and may be important for transcription under inducing conditions. It is noteworthy, though, that while proU is significantly (Ͼ10-fold) activated by the hns-205::Tn10 allele, this activation is still 3-to 4-fold less than that caused by hns2 or by combining hns and stpA mutations. Therefore, there may be a component of proU repression which can be mediated by StpA in conjunction with truncated H-NS, on top of which the more stringent H-NS-dependent repression works. Elucidation of the molecular mechanisms of proU repression and induction will be required in order to evaluate these hypotheses. We thank Marlene Belfort for supplying the ⌬stpA::Tc r mutant, Henri Buc and Sylvie Rimsky for sending the plasmids pYCStpA and pYCStpA⌬65C and for helpful discussions, and Megan Porter for constructing strain CJD1126. We also acknowledge useful discussions with members of the Dorman laboratory. 
